Abstract Aberrant transcription and mRNA processing of multiple genes due to RNA-mediated toxic gain-offunction has been suggested to cause the complex phenotype in myotonic dystrophies type 1 and 2 (DM1 and DM2). However, the molecular basis of muscle weakness and wasting and the different pattern of muscle involvement in DM1 and DM2 are not well understood. We have analyzed the mRNA expression of genes encoding musclespecific proteins and transcription factors by microarray profiling and studied selected genes for abnormal splicing. A subset of the abnormally regulated genes was further analyzed at the protein level. TNNT3 and LDB3 showed abnormal splicing with significant differences in proportions between DM2 and DM1. The differential abnormal splicing patterns for TNNT3 and LDB3 appeared more pronounced in DM2 relative to DM1 and are among the first molecular differences reported between the two diseases. In addition to these specific differences, the majority of the analyzed genes showed an overall increased expression at the mRNA level. In particular, there was a more global abnormality of all different myosin isoforms in both DM1 and DM2 with increased transcript levels and a Electronic supplementary material The online version of this article
Introduction
The myotonic dystrophies are dominantly inherited disorders with progressive myopathy, myotonia, and multiorgan involvement. Two genetically distinct types have been identified. Myotonic dystrophy type 1 [DM1; Steinert's disease (OMIM #160900)] is caused by a (CTG)n expansion mutation in the 3 0 untranslated region of dystrophia myotonica-protein kinase (DMPK) gene in chromosome 19q13.3 [5, 14, 18, 31] . The more recently identified myotonic dystrophy type 2 [DM2; proximal myotonic myopathy, PROMM (OMIM #602668)] is caused by a (CCTG)n repeat expansion mutation in the first intron of zinc finger protein 9 (ZNF9) gene [4, 29] . Although the two forms of myotonic dystrophy share many features, there are definite differences with respect to clinical, muscle biopsy, and genetic findings (for detailed comparison, see Table 1 ). Briefly, in DM2 the core symptoms include proximal muscle weakness, myotonia, cataracts, cardiac conduction defects, and endocrinological dysfunctions such as insulin resistance and male hypogonadism [9, 45, 62] . Myalgic pains may be the major complaint, while serum creatine kinase (CK) levels are normal or moderately elevated [3] . In DM1, the muscle weakness and wasting are more severe, preferentially distal and facial with ptosis, and with later evolving dysphagia, generalized weakness, and respiratory failure. A severe congenital form associated with DM1 has not been observed in DM2, and anticipation is the exception in DM2 [52, 62] . Moreover, clinical symptoms in DM2 vary widely, which makes its clinical diagnosis much more challenging than for DM1 [61, 63] . The basis for the differences between DM1 and DM2 has not been clarified at the molecular level.
Several lines of evidence, based on the study of both human patients and mouse models, indicate that the molecular pathomechanism underlying DM1 and DM2 is an RNA-mediated toxic gain-of-function [41] . Mutant transcripts containing (CUG)n or (CCUG)n expansions in DM1 and DM2, respectively, affect RNA-binding proteins leading to alterations in a variety of cellular functions, including the proper splicing of pre-mRNA for a number of downstream effector genes [12, 26, 29, 32, 33, 56] . Aberrant splicing in DM often favors the expression of protein isoforms expressed during development [41] . Many aberrantly spliced genes have been reported in DM1, including skeletal muscle chloride channel 1 (CLCN1) [34] , insulin receptor (INSR) [50] , fast skeletal muscle troponin T (TNNT3) [23] , Z-disk alternatively spliced PDZ-motif containing protein, ZASP (LDB3) [28] , myotubularinrelated protein 1 (MTMR1) [7] , skeletal muscle ryanodine receptor 1 (RYR1) [24] , and sarcoplasmic/endoplasmic reticulum fast skeletal muscle Ca 2? -ATPase, SERCA1 (ATP2A1) [24, 28] . In cardiac muscle, cardiac troponin T (TNNT2) [42] and ZASP [35] and in brain, microtubuleassociated protein tau (MAPT) [27, 36] were shown to be abnormally spliced. In DM2, aberrant splicing has been confirmed for most but not all of the genes affected in DM1 [28] , including CLCN1 [34] , INSR [51] , LDB3 [28] , MAPT [36] , and TNNT3 [49] . Some of the abnormal protein isoforms seen in DM patients have been related to specific clinical manifestations: for example, abnormal CLC1 leads to myotonia [8, 34] , abnormal IR is associated with insulin resistance [50, 51] , and abnormal tau isoforms appear to be involved in CNS changes [36] . Inappropriate redistribution or ''leaching'' of various transcription factors, both general and differentiation factors, such as Sp1 by mutant RNA species in DM1, has been suggested as another pathogenic mechanism [11] . The role of CUGBP1 in the regulation of translation and mRNA stability [47, 58, 59] has been shown in DM1 myoblasts. Recently, it was reported that the rate of protein translation is reduced in DM2 [21] , and that a more global dysregulation of both translation and protein degradation is caused by the interaction of (CCUG)n-containing mutant transcripts with cytoplasmic multiprotein complexes, including translation factors [48] .
The clinical differences between DM1 and DM2 likely arise from differences in the molecular pathophysiology. These may include distinct spatial and temporal expression patterns of the mutation harboring genes DMPK and ZNF9, and/or different affinities of (CTG)n/(CUG)n-and (CCTG)n/(CCUG)n-repeat containing sequences for specific transcription or splice factors. The presence of very atrophic type 2 fibers early in DM2 muscle pathogenesis, in contrast to DM1 [53, 65] , prompted us to investigate the differences in muscle phenotypes at the molecular level. First, we characterized the expression of proteins preferentially expressed in type 2 fibers, and proteins involved in myogenic regeneration and denervation using immunohistochemistry, in order to identify specific abnormalities in the atrophic subpopulation of type 2 fibers in DM2. Second, we studied the expression of genes encoding sarcomeric structural proteins, including the MyHC family and the expression of muscle-specific transcription factors. Finally, we performed a detailed study of isoform expression of the sarcomeric proteins fTnT (TNNT3) and ZASP (LDB3) in DM1 and DM2 muscle, followed by splice variant analysis of the gene transcripts and the corresponding protein isoforms. Table 2 summarizes the genes and proteins analyzed in this study.
Materials and methods

Patients
Enrollment of patients was approved by the respective local institutional review boards. After obtaining informed consent from the patients, according to the Declaration of Helsinki, muscle biopsies were obtained. The patients and their biopsies used for the different analyses are summarized in Supplemental Table S1 . All DM1 and DM2 diagnoses were based on DNA mutation testing [4, 46] . We used different sample sets for protein analyses, expression profiling and splice variant analyses. DM1 and DM2 patients of matched age, gender, skeletal muscle, and disease stage were used for mRNA expression studies. For immunohistochemical analysis of protein expression in highly atrophic fibers, we used more severely affected distal DM1 muscles, because highly atrophic fibers are not present at earlier stages of DM1 pathology.
Immunohistochemistry of protein expression in highly atrophic muscle fibers Muscle biopsies from DM2 (n = 20) and DM1 (n = 5) patients were snap frozen in liquid nitrogen-cooled isopentane to make 6-lm cryosections on SuperFrost ? slides (Kindler GmbH, Freiburg, Germany). We studied the expression of the following proteins in the highly atrophic fibers. Fast skeletal muscle troponin T (fTnT/TNNT3) is expressed preferentially in fast type 2 fibers [70] . Myosin heavy chain (MyHC)-encoding genes (MYH2, -3, -7, and -8) are differentially regulated in fast and slow fibers, and also during muscle development ( Table 2 ). The transcription factor myogenin (MYOG) and the intermediate filament protein vimentin (VIM) appear early during myogenesis and serve as regeneration markers in muscular dystrophies [10, 40] . Nuclear clump fibers have been considered a hallmark of neurogenic atrophy; however, they are morphologically indistinguishable from the scattered nuclear clump fibers regularly seen in DM2. Therefore, the sections were also immunostained for the neural cell adhesion molecule (NCAM1 
Western blotting
Muscle biopsies were treated as described before to prepare samples for SDS-PAGE and western blotting [17] . 12% SDS-PAGE gels were used for resolving fTnT (TNNT3) isoforms, and 8% gels for resolving ZASP (LDB3) isoforms, and ACTN2/3 (ACTN2/3) total expression. After SDS-PAGE, proteins were transferred onto PVDF membranes (Bio-Rad Laboratories, Hercules, CA, USA), and detected with anti-fTnT, mAb clone T1/61, at 1:2,000 (Novocastra Laboratories), anti-ZASP, mouse polyclonal Ab, at 1:20,000 [13] , or anti-ACTN2/3, mAb clone EA-53, at 1:50,000 (Sigma-Aldrich). Following detection with HRP-conjugated secondary antibody at 1:1,000 (DAKO P260; Dako Cytomation), enhanced chemiluminescence (ECL) was performed using Bio-Rad Immun-Star TM kit (Bio-Rad Laboratories). MyHC expression was assessed by staining the 8% gels after SDS-PAGE with Bio-Rad Coomassie Brilliant Blue R-250.
Microarray expression profiling
Skeletal muscle biopsies were homogenized using a sharktooth pulveriser with TriZol (Invitrogen, Carlsbad, CA, USA), and total cellular RNA was extracted according to the manufacturer's suggestions. RNA was further purified using the RNeasy kit (Qiagen, Valencia, CA, USA). The quality and integrity of the RNA was then analyzed on an Agilent BioAnalyzer using the RNA 6000 Nano LabChip (Agilent, Santa Clara, CA, USA); samples with a RIN (RNA integrity number) [7 were used. For RNA expression profiling on the U133Plus2 GeneChip (Affymetrix, Santa Clara, CA, USA), a total of 5 lg of total cellular RNA from each sample was used for cDNA synthesis according to the manufacturer's protocol. Briefly, a mixture of in vitro transcribed cRNAs of cloned bacterial genes for lysA, pheB, thrB, and dap (American Type Culture Collection) was added as external controls to monitor the efficiency of cRNA synthesis. First-strand cDNA synthesis was performed at 42°C for 1 h with the Superscript II system (GIBCO/BRL) at a final concentration of 19 first-strand synthesis buffer, 10 mM DTT, 500 lM dNTPs, 100 pmol of T7-(T) 24 primer, and 200 units of reverse transcriptase. Second-strand cDNA synthesis was performed at 16°C for 2 h at a final concentration of 19 second-strand buffer, 250 lM dNTP, 65 U/ml DNA ligase, 250 units/ml DNA polymerase I, 13 U/ml RNase H. Second-strand synthesis reaction mixtures were cleaned up with an Affymetrix cDNA purification column. In vitro transcription labeling with biotinylated UTP and CTP was performed according to the manufacturer's recommendations (Enzo Diagnostics) for 16 h at 37°C. Amplified cRNA was purified on a cRNA purification column (RNeasy, Qiagen), and the quality of the amplification was verified by analysis on an Agilent BioAnalyzer. Labeled cRNAs were fragmented for 35 min at 94°C in 40 mM Tris-acetate, pH 8.1/100 mM KOAc/ 30 mM Mg(OAc) 2 . The hybridization cocktail consisted of 10 lg fragmented cRNA in 200 ll, containing 50 pM control oligonucleotide B2, 0.1 mg/ml herring sperm DNA, 0.5 mg/ml acetylated BSA, 100 mM Mes, 20 mM EDTA, 0.01% Tween 20 (total Na ? = 1 M), and bacterial sense cRNA controls for bioB, bioC, bioD, and cre at 1.5, 5.0, 25, and 100 pM, respectively. Fragmented cRNAs were then hybridized to Affymetrix U133Plus2 GeneChips and scanned according to the manufacturer's protocol.
Data analysis
Expression data are available at GEO (www.ncbi.nlm.nih. gov/geo/) under GEO series number GSE7014. While we considered the expression profiles of the entire set of genes on the array, we decided to specifically focus on the subset of genes functionally associated with muscle a priori, in order to examine key muscle genes associated with the two types of DM. Using the DChip software package (DNAChip analyzer) annotation tools (February 2006 build, http://biosun1.harvard.edu/complab/dchip/) and a series of queries to gene ontology along with information from the literature, we generated a list of muscle-specific genes, including transcription factors whose function is related to muscle development and activity. To this list we added all of the genes tested by immunohistochemistry, as well as additional members of the respective gene families (e.g., MYH) for a total of 327 probe set IDs (Supplemental Table  S2 ). Using U133Plus2 data from DM1 (n = 10), DM2 (n = 20), and normal adult controls (n = 6), we performed global gene expression analysis using the 327 probe set list as a filter to identify genes of interest. It is important to note, however, that the genes were not selected on the basis of a contrast between the DM groups, or on the basis of any particular direction to these contrasts. Normalization was performed with the Invariant Set Normalization method (PM-only model with DChip default settings) on a normal sample as the reference; DChip model-based expression was applied to calculate the expression values for each probe set. Comparisons between groups were performed in DChip, using the described list of 327 probe set IDs with a fold-change (FC) cut-off FC C 1.2, a lower bound (lb) limit lb = 90% (default), e-b, b-e difference thresholds of 100 (e experiment; b baseline), and a 50-permutations false discovery rate (FDR) calculation for each comparison. Clustering on samples and differentially regulated genes was performed using the Eucledian Distance metric in DChip with default settings.
Splice variant analysis cDNA from total muscle RNA was generated using standard methods. Briefly, for each sample 5 lg of total RNA were DNaseI-treated (Ambion, Austin, TX, USA) according to the manufacturer's suggestions. cDNA synthesis (SuperScript TM III First-strand cDNA Synthesis Kit, Invitrogen, Carlsbad, CA, USA) was performed on half and half of the DnaseI-treated RNA in separate reactions using random hexamer and oligo-(dT) priming according to the manufacturer's protocol. All cDNAs were then Rnase H-treated. Equal amounts of random hexamer and oligo-(dT) primed cDNA were pooled and diluted to 200 ll with molecular grade RNAse-free H 2 O.
To estimate the amount of aberrant isoform present in samples, we performed RT-PCR with a FAM-labeled universal primer to incorporate a fluorescent label for quantification [4] . For each RT-PCR in log-linear range (23-28 cycles) 2 ll of cDNA were used. Capillary electrophoresis on an ABI3100 sequencer allowed peak heights for the isoforms to be measured. All peak heights were added together to determine the total signal. Each individual peak was then expressed as a percent of the total signal. To test for statistical significance, we used the Student's t test applied to the mean percentage of the aberrant isoforms in each group. For TNNT3 we conducted PCR between exons 2 and 9b using published primers [23] . Primers for LDB3 are described in Supplementary Table  S3 , and the assay design is shown in Fig. 4 . RT-PCR for both genes was conducted as previously described [4] employing a three primer reaction to incorporate the fluorescent label. Appropriate RT controls were included in all experiments.
Results
Protein expression in highly atrophic muscle fibers
The results of immunohistochemical analysis of DM1 and DM2 muscle biopsies are shown in Fig. 1 and summarized in Table 3 . Almost all nuclear clump fibers and other scattered highly atrophic fibers in both DM2 and DM1 expressed fast fiber-specific MyHC-IIa (MYH2), previously only reported in DM2 [53, 65] . In DM2 these fibers occur early in large numbers without other major myopathology, whereas in DM1 they appear at a very late stage together with marked myopathology. Co-expression of slow MyHCbeta (MYH7) in these atrophic fibers was evident in DM1 and absent in DM2. In both DM1 and DM2, the perinatal MyHC-pn showed markedly increased expression in the highly atrophic fibers, whereas only a few fibers in the most severely affected muscles expressed the embryonic MyHCemb. NCAM expression was detected in both groups, more prominently in DM2. Very few nuclei showed myogenin labeling in both diseases, and vimentin was expressed only in some DM1 muscle fibers with severe muscle pathology (Table 3) . mRNA expression of sarcomeric proteins and muscle-specific transcription factors
To identify dysregulated genes in DM1 and DM2 and to determine their expression differences at the mRNA level, we performed microarray expression profiling of skeletal muscle biopsies of DM1 and DM2 patients and unaffected controls (U133Plus2, Affymetrix). Summary of the number of probe sets/genes showing differential expression from the list of 327 under the different comparisons are given in Fig. 1 Immunohistochemistry of representative DM2 and DM1 muscle biopsies (for details see Supplemental Table 1 ). a-l DM type and investigated protein are indicated; a, b DM2_M38_VL_001; c-f DM2_M55_VL_011; g-l DM1_M48_TA_004. In DM2, essentially all highly atrophic fibers were identified as fast fibers by positivity for MyHC-II, with no expression of slow MyHC-beta. In contrast, in DM1 the majority of them co-expressed both fast and slow myosin isoforms. fTnT was expressed in nearly all large fast fibers and in about 40% of highly atrophic fibers in both DM2 and DM1. Most of the very atrophic fibers in both DM1 and DM2 expressed perinatal MyHC-pn. Only a few fibers, in the most severely affected muscles, expressed embryonic MyHC-emb. NCAM1 showed increased expression in *35% of DM2 highly atrophic fibers, whereas only one of five (20%) DM1 muscle samples showed this high number of NCAM1 positive atrophic fibers. Scale bar 100 lm Table S2 ). Comparing DM1 and DM2 patients to normal controls, 36 of the total of 327 probe sets (11%) interrogating 28 unique genes showed differential regulation. Unsupervised two-way hierarchical cluster analysis identified distinct sample clusters of healthy controls and DM patients, with DM1 and DM2 patients clustering together (Fig. 2a) . Four (14%) genes showed decreased expression in DM1 and DM2 (Group 1 in Fig. 2a ). TEAD4 and MEF2B are directly involved in muscle-specific gene regulation, the latter being one of the earliest markers of muscle differentiation and being expressed as early as myogenin [38, 55] .
The majority of the dysregulated genes (24 of 28, 86%) showed increased mRNA expression in DM1 and DM2 samples compared to healthy controls. Among these, hierarchical cluster analysis identified three major gene groups (Groups 2-4 in Fig. 2a ): group 2 including the adult myosin heavy chain genes (MYH1, MYH4, and MYH13) and the early development skeletal muscle genes (MYH3 and MYH8), group 3 with the skeletal slow and cardiac muscle gene (MYH7) and cardiac muscle genes (MYH6 and MYH7B), and group 4 with the adult skeletal muscle fast MYH2 gene. The majority of the genes in group 4 (9 of 14 probe sets, 64%) consisted of genes involved in the calcium signalling pathway. This group also contained the myogenic transcription factors SIX1 and MEF2C. For most of the genes, DM2 patient samples showed overall higher levels of upregulation than DM1 patients.
A direct comparison of the mRNA expression profiles between the DM2 and DM1 patient groups identified three of 327 probe sets (1%, interrogating three distinct genes) as differentially regulated (Table 4 , Supplemental Table S2 ). Two genes, CAMKK2 (downregulated in DM2) and CALML6 (upregulated in DM2), are involved in calcium signal transduction, and one is a myogenic transcription factor, MEF2C (upregulated in DM2). MEF2C was represented by four probe sets, of which only one (Affymetrix probe set 207968_s_at) showed upregulation in DM2 relative to DM1 patients. This probe set interrogates a different mRNA splice variant compared to the others.
Compared to healthy controls, the mRNA expression levels of the myosin genes MYH1, -2, -4, -6, -7, -7B, -8, -10, and -13 were approximately twofold higher in both DM2 and DM1 patients when assessed by microarray expression profiling (Fig. 2a) . However, the total amount of MyHC protein isoforms of MW *200 kD was not increased in DM2 and DM1 samples, when normalized with the sarcomeric a-actinin (ACTN2/3) protein expression (Fig. 2b) .
Aberrant splicing and expression of sarcomeric proteins
TNNT3/fTnT
RT-PCR designed to amplify the TNNT3 fragment between exons 2 and 9b (Fig. 3a) identified three different products representing isoforms of G = 164, E/F = 182-183, and B/C = 201-202 bp in all samples, in both patients and controls. Furthermore, two aberrant TNNT3 isoforms (D = 188 bp and A = 225 bp) predicted to contain the fetal exon (F) were identified only in DM1 and DM2 patients ( Fig. 3; DM1 vs. N p value = 0.0045 and DM2 vs. N p value = 1.732 9 10 -6 ). The average percentage of isoform A in the DM2 group was nearly double that of the DM1 group (Fig. 3a-c) . However, this difference did not quite reach statistical significance (p = 0.059) because of extreme sample variability within both groups: one DM1 patient had an isoform profile similar to DM2; likewise one DM2 patient had a profile more similar to DM1.
fTnT protein expression by western blot analysis (Fig. 3d) confirmed three bands of approximate MW of 30 kD in controls, consistent with the mRNA results. A fourth, slightly larger protein isoform, corresponding to the 225-bp cDNA isoform A seen by RT-PCR, was present in three of five (60%) DM2 patients and was completely absent in DM1 patients and controls (Fig. 3d) .
LDB3/ZASP
Western blot analysis of ZASP protein expression showed expected bands of 32 and 78 kD in all samples, and an additional strong band of 95-100 kD in all DM2 specimens, while weaker expression of this band was observed in three of five DM1 specimens (Fig. 4a) . In order to account for this larger band, we examined the intron/exon structure of the LDB3 gene (Fig. 4b) and estimated that the aberrant inclusion of the two cardiac-specific exons (4a and 7) in the muscle isoform would be expected to produce a protein of about the correct size [20] . To determine if this event had indeed occurred, we designed a series of four RT-PCR assays. One pair of assays interrogated the presence of exon 4a, and the second pair interrogated exon 7.
For each event we conducted RT-PCR using primers flanking the test exon; we also paired the flanking reverse with a forward primer located within the predicted exon. The results of these assays, shown in Fig. 4c , are consistent with the simultaneous inclusion of both exons 4a and 7 in DM but not in control samples. Aberrant bands were stronger in DM2 than in DM1 patients. Quantification using fluorescent RT-PCR in log-linear range and capillary electrophoresis showed that on average 6.3% of all isoforms in DM1 patients and 9.8% in DM2 contain exon 7, while normal samples contained only 0.8% of this exon. Differences between DM1, DM2, and control were significant (DM1 vs. N p value = 0.0357 and DM2 vs. N p value = 0.0079). Notably, the difference between DM1 Fig. 2 Analysis of dysregulated genes encoding sarcomeric structural proteins and myogenic transcription factors. a Two-way hierarchical cluster analysis of microarray expression profiling data of skeletal muscle biopsies from DM1 (n = 10, red lines) and DM2 (n = 20, blue lines) patients and unaffected controls (n = 6, green lines), using an annotation filter of 327 probe set IDs for muscle-specific genes involved in myogenic regeneration, denervation, and apoptosis including those analyzed by immunohistochemistry and musclespecific transcription factors regulating their expression, identified 28 dysregulated genes represented by 36 unique probe sets in four groups (indicated by colored bar on the right; blue, down-regulated in DM; red, up-regulated in DM; for a complete listing and analysis expression values, see Supplemental Table S2 ). b Total MyHC protein on SDS-PAGE gel, stained with Coomassie Brilliant Blue, showed no significant difference between the DM2 (n = 5), DM1 (n = 5), and control (n = 3) groups, when compared to ACTN2/3 expression detected by ECL on a PVDF membrane Acta Neuropathol (2010) 119:465-479 473 and DM2 for exon 7 inclusion was also significant (DM1 vs. DM2 p value = 0.0357). On average, exon 4a comprised 8.6% of all DM1 isoforms and 23.2% of DM2. This exon represented only 0.8% of all isoforms in control samples. For exon 4a, DM1 and DM2 were significantly different from normal (DM1 vs. N p value = 0.0357 and DM2 vs. N p value = 0.0079) but not from each other (DM1 vs. DM2 p value = 0.0714). Again, inter-sample variability within the DM1 group appeared to account for the lack of statistical significance. One DM1 sample had an isoform ratio similar to the DM2 group. The aberrant bands were excised from gels, sequenced, and the presence of the predicted exons was confirmed.
Discussion
Despite considerable clinical similarities and overlap between DM2 and DM1, there are definite differences with respect to the severity and spectrum of symptoms, particularly in the patterns of muscle and fiber type involvement (Table 1) . Overall, the current consensus is that interaction of expanded CUG or CCUG RNA with binding proteins leads to abnormal regulation of alternative splicing for a selected group of pre-mRNAs [41] . Sequestration of muscleblind (MBNL) RNA binding proteins by expanded mutant repeat transcripts and concomitant upregulation of CUG binding protein 1 CUGBP1, possibly due to its stabilization within cytoplasmic RNA-protein complexes [41, 57] , have been reported as the mechanisms of the spliceopathy in DM. Together, imbalances in these two antagonistic splice factors can cause aberrant splicing of their target genes. CUGBP1 has also been shown to affect translation and RNA stability [44, 59] and to have a role in mRNA decay [39, 66] . In addition, the possibility of epigenetic regulation was recently suggested for DM2 [22] . Whether additional splicing changes occur as a secondary result of muscle regeneration/remodeling is a matter of ongoing investigation. Expression differences may also occur as a direct result of the expansion mutations, or as changes secondary to the disease process. Apart from the repeat expansion mutations and their genomic context, no differences at the molecular level have been reported to date to account for the differences in clinical presentation between DM1 and DM2. The major cause of disability in both disorders, muscle weakness, has remained elusive in terms of the underlying molecular pathophysiology. Our expression profiling data of muscle-specific genes for DM1, DM2, and normal skeletal muscle indicated, in DM patients, significant upregulation of genes encoding structural sarcomeric proteins (MYH family), as well as Fig. 3d . ZASP isoforms of 78 and 32 kD are present in all samples, while a strong band of *95 kD is seen in all DM2 samples and three DM1 samples but not in the controls. The size of this band is consistent with the simultaneous inclusion of both cardiac exons in the protein (see Fig. 4b ). Ten microliters of protein lysate was loaded per well. b Intron-exon structure of LDB3/ZASP. Exons 4a and 7 (shown in gray) are cardiac-specific and normally not present in skeletal muscle isoforms. Inclusion of these two exons was predicted to produce a protein of about 95 kD, as observed by western blot (Fig. 4a) genes encoding proteins involved in the calcium (Ca 2? ) signalling pathway and myogenic transcription factors (SIX1, MEF2A, and MEF2C). Significantly more genes showed over-than under-expression (86 vs. 14%). The list of upregulated genes included numerous genes usually expressed during earlier stages of development (MYH3 and -8, encoding embryonic and perinatal MyHC) or predominantly in heart (MYH6, -7 and -7B, CASQ2).
Myosin heavy chain genes
Different fiber types express different myosin heavy chains, myofibrillar proteins, and metabolic enzymes in different proportions, resulting in adaptable physical properties. MyHC isoforms, the major structural constituents of the sarcomeric thick filament, are encoded by distinct genes. In adult human skeletal muscle, one slow MyHC isoform, MyHC-beta (MYH7) is expressed in slow type 1 fibers, and two fast MyHC isoforms, MyHC-IIa (MYH2) and MyHC-IIx (MYH1), are expressed in 2A fibers and 2B fibers, respectively, of which 2A fibers predominate [68] . Hybrid fibers expressing two or more isoforms occur more frequently in pathologic states [10] . The elevated MYH2 expression in both DM1 and DM2 compared to normal controls detected by microarray expression profiling is intriguing, because the highly atrophic fibers are of type 2 in DM2; however, this might be due to the bimodal size distribution of type 2 fibers. Besides the atrophic subpopulation, there are also hypertrophic type 2 fibers [65] , which may, in part, account for the high MYH2 transcription levels in the DMs. However, this explanation by itself is likely insufficient, since the hypertrophic fibers are present in variable amounts and are not prevalent in all muscles [65] . While no significant mRNA expression differences in total muscle tissue for MYH1, -2, -3, -7, and -8 were detected between DM1 and DM2, we saw some differences in myosin protein expression when studying the atrophic fibers by immunohistochemistry. In DM2, the highly atrophic fibers express, of the adult myosins, only fast myosin (MYH2), whereas the atrophic fibers in DM1 usually co-express both fast and slow (MYH7) isoforms, or the slow isoform alone. In both DM1 and DM2 the atrophic fibers coexpress the perinatal myosin isoform MyHC-pn, which may be directly correlated to the observed increase in mRNA expression of MYH8 or it may reflect more complex myosin expression regulation in the myotonic dystrophies. The significance of MYH4 mRNA expression in muscle biopsies is not clear, because its expression has not been reported before in other human muscles except masseter and abdominal external oblique [19] , but it could be part of the abnormal transcriptional activation of the whole set of myosin genes, possibly due to the observed aberrant regulation of their transcription factors. Despite the increased transcription of all MYH genes, the total amount of MyHC protein, however, was not significantly increased based on total protein of *200 kD MW on SDS-PAGE. Together with the differential fiber atrophy and the differential MyHC-IIa/MyHC-beta expression in very atrophic fibers in DM1 and DM2, this may be a reflection of more complex translational regulatory mechanisms in the DM pathology as recently reported, including the reduction of the rate of protein synthesis in DM2 [21] .
Dysregulation of myogenic transcription factors
We found significant dysregulation of the myogenic transcription factors MEF2B (one isoform down), MEF2A and -C, and SIX1 (up) in both DM1 and DM2 muscle, whereas MEF2D and the myogenic regulatory factors, including MYOD/Myf-3 (MYOD1), myogenin/Myf-4 (MYOG), Myf-5 (MYF5), and Myf-6 (MYF6) were not significantly altered. These transcription factors regulate most musclespecific genes during both development and adult stages in a complex transcriptional network [2] . Several other factors, including nerve stimuli and intracellular Ca 2? concentration, modify their activity. For example, high cytoplasmic Ca 2? increases the activity of the MYH2 promoter through MEF2A [1] . The homeobox protein SIX1, which is active during earlier stages of embryogenesis, is enriched in the nuclei of fast muscle fibers and is also involved in the establishment and maintenance of the fast fiber phenotype [15] . In mouse, MEF2C promotes the slow fiber phenotype [43] . The higher upregulation of one distinct MEF2C isoform (Affymetrix probe set 207968_s_at) in DM2 relative to DM1 muscle could also be of importance for fiber type specific differences between the two forms of DM.
In the context of myogenic transcription factor upregulation, the concomitant overexpression of genes that encode proteins involved in the Ca 2? signalling pathway is noteworthy. Several of the dysregulated myogenic transcription factors (MEF2A-C and NFATC4) respond to multiple Ca 2? -regulated signals in skeletal muscle differentiation, fiber type specificity and fiber size determination [37] . Increased intracellular Ca 2? is known to increase the activity of early myogenic transcription factors (MEF2 family) during myogenesis either through the Ca 2? /calmodulin-dependent kinase (CaMK) pathway [37] or the calcineurin (CaN) pathway [25] . It is possible that the combined dysregulation of the myogenic transcriptional network and the Ca 2? signaling pathway contribute to the observed increase in overall expression of MYH genes, or it may reflect a feedback response due to translational disturbance.
Immunohistochemical characterization of very atrophic muscle fibers
In addition to the observed differences in adult MyHC-IIa and -beta isoform expression, immunohistochemical analysis detected other differences in protein expression in the highly atrophic muscle fibers of DM1 and DM2 biopsies. NCAM1 was analyzed because of its reported expression transiently after denervation [69] , and because the abundant nuclear clump fibers in DM2 are morphologically indistinguishable from those seen in neurogenic atrophy. Interestingly, NCAM1 labeling was more frequent in nuclear clump fibers and other highly atrophic fibers in DM2 than in DM1. In neurogenic atrophy, also large, likely recently denervated fibers express NCAM1 [10] , while in this study large fibers in DM2 never expressed NCAM1. This difference suggests distinct mechanisms in fiber atrophy in DM2 compared to fiber atrophy in neurogenic disorders, even though the end product, the nuclear clump fibers, are morphologically similar. Our results with MyHC-emb (MYH3), myogenin (MYOG), and vimentin (VIM) did not show significantly increased expression in any of the DM1 or DM2 specimens studied, suggesting that necrotizing processes are not a major part of the muscle pathogenesis. However, re-programing involving MyHC-pn (MYH8) expression was present in highly atrophic fibers in both DM2 and DM1.
Aberrant splicing of TNNT3 and LDB3
TNNT3 is preferentially expressed in fast skeletal muscle fibers and extensively alternatively spliced [70] . Aberrant splicing of TNNT3 was previously reported in DM1 [23] and DM2 [49] . Our results show that the relative proportion of the aberrant transcript is different, being twice as frequent in DM2 compared to DM1. Importantly, the difference is also present at the protein level; in western blotting the aberrant large fast troponin T isoform was present in most DM2 samples but not in DM1 samples. For the function of the muscle fiber, the observed protein changes are more significant than the mRNA expression differences. Recently, the functional outcome of cardiac TNNT2 mutations was shown to be modified by MyHC isoforms [60] , and in rat skeletal muscle there is coordinated regulation of troponin and myosin isoform expression [6] . Since the expression of genes for structural sarcomeric proteins is controlled by complex regulatory networks, abnormal expression of one structural gene can have far reaching effects on many other genes.
The functions of the Z-disk interaction protein ZASP (encoded by LDB3) are not fully understood. Mutations in LDB3 have been associated with both cardiac and skeletal myopathies [16, 54, 64] . Abnormal splicing of the cardiac-specific exon 7 was previously described in skeletal muscle of both DM1 and DM2 (previously reported as exon 11 [28] and exon 6a [30] ), but was not confirmed at the protein level. As a novel finding, we show here that also exon 4a, normally present only in the cardiac isoform, is aberrantly spliced in DM1 and DM2 skeletal muscle transcripts, a finding which we confirmed at the protein level. Moreover, we observed varying levels of the aberrantly spliced LDB3 transcript in different muscles: vastus lateralis showed higher levels than other skeletal muscles. Together with the significantly higher level of the abnormal large ZASP isoform in DM2 muscle compared to DM1, it provides the first direct finding of divergent aberrant splicing in proximal versus distal muscles. How important is this for different distal versus proximal muscle involvement in DM1 and DM2 remains to be clarified in animal models.
In summary, we have identified molecular differences in muscle-gene expression and splicing between DM1 and DM2 patients. The difference in proportions of TNNT3/ fTnT aberrantly spliced isoforms, at both the mRNA and protein levels, is especially interesting, since TNNT3 is preferentially expressed in fast type 2 fibers. Our findings are one of the first to provide a potential molecular explanation for the differential muscle and fiber type involvement in the two myotonic dystrophies. In addition, we demonstrated partially different protein expression patterns by immunohistochemistry in the highly atrophic fibers in DM2 and DM1, which suggest divergent molecular pathomechanisms underlying the different muscle and muscle fiber type involvement in these two diseases.
